Abstract-In this paper, we investigate the focalization properties of single-element transducers at low frequencies (300 to 1000 kHz) through primate and human skulls. The study addresses the transcranial targeting involved in ultrasound-induced blood-brain barrier (BBB) opening with clinically relevant targets such as the hippocampus and the basal ganglia, which are typically affected by early Alzheimer's and Parkinson's disease, respectively. A finite-difference, timedomain simulation platform is used to solve the 3-D linear acoustic wave equation with CT-based acoustic maps of the skulls. The targeted brain structures were extracted from 3-D brain atlases registered with the skulls and used to virtually position and orient the transducers. The effect of frequency is first investigated and the targeting of the different structures is then tested. The frequency of 500 kHz provided the best tradeoff between phase aberrations and standing wave effects in the human case, whereas the frequency of 800 kHz was most suitable in the case of the primate skull. A fast periodic linear chirp method was developed and found capable of reducing the standing wave effects. Such a simple, affordable, and convenient system is concluded to be feasible for BBB opening in primates and humans and could thus allow for its broader impact and applications.
I. Introduction m icrobubble-enhanced, transcranial focused ultrasound (FUs) is a promising, noninvasive technique shown to open the blood-brain-barrier (bbb) noninvasively, transiently, and locally [1] [2] [3] [4] . by opening the bbb, it is possible to deliver larger compounds (>400 da) that would not otherwise penetrate the brain tissue [5] , [6] . recently, the targeted delivery of potential therapeutic agents in small animals [8] [9] [10] [11] has generated renewed interest in the delivery of new drugs in the treatment of neurodegenerative disease in humans. For example, alzheimer's and Parkinson's treatment stand to benefit significantly from this new delivery technique for promising therapeutic agents such as growth factors (>15 kda) [12] [13] [14] [15] or adenoviruses in gene therapy [16] [17] [18] .
on the other hand, scaling from small to large animals can be a difficult task because the ultrasound beam is greatly affected by the skull thickness. Phase aberrations caused by discrepancies in sound velocity as well as high absorption can rapidly yield poor focusing and higher energy loss, especially at higher ultrasound frequencies [19] , [20] .
For more than 15 years, researchers have worked on ways to overcome these effects and obtain a uniform focus through the skull [21] [22] [23] . However, most of those studies were designed for high-intensity focused ultrasound (HIFU) therapy, a promising technique used in noninvasive tumor ablation in the brain [24] . HIFU therapy relies on thermal effects, which are dependent on the beam intensity whereas FUs-induced bbb opening relies mostly on mechanical effects such as cavitation (be it stable or inertial) [25] , [26] , which is linked to the beam pressure and is thus inherently less concentrated than thermal effects.
Transcranial HIFU research has led to the development of complex and expensive but very efficient techniques based on multi-element arrays [27] and electronic phase correction techniques relying on prior knowledge of the skull geometry [28] [29] [30] . Using these techniques, a higher accuracy and a smaller focus compared with conventional focusing techniques could be achieved, two essential conditions given the destructive purpose of transcranial HIFU.
on the other hand, sonothrombolysis studies, which use ultrasound to dissolve clots in the brain, generally use lower frequencies, which are less prone to phase aberrations and absorption but enhance cavitational effects [31] [32] [33] . The beam is generally loosely focused to cover a large volume of the brain in each application. However, one of these studies led to large, secondary hemorrhaging [34] , which has been hypothesized to be linked to unexpected enhanced cavitation effects caused by standing waves generated within the skull [35] [36] [37] . standing waves are known to be capable of trapping microbubbles in antinodes and decreasing their inertial cavitation threshold [37] , [38] .
In this numerical study, we investigate the use of intermediate frequencies with single-element transducers for the targeting of clinically relevant targets involved in Parkinson's and alzheimer's disease, i.e., the basal ganglia and the hippocampus, respectively [39] , [40] . The study is based on numerical beam simulations at the steady state with emphasis on the targeted volume size, beam distortion, and attenuation as well as the contribution from standing waves. We will first introduce the method developed in this study: the cT acquisition, the hypotheses made, and the simulation software, backed by an experimental validation of the pressure field, the methodology used for the transducer design and position. The estimators used for the quantification of the different physical effects relevant for the blood-brain barrier opening will also be introduced and discussed. The results section will first present the results of the numerical simulation on the different potential targets in a human skull: the hippocampus, the putamen, and the caudate nucleus. The effects of frequency will also be shown on the targeting of the hippocampus. The second part of the results section will deal with the non-human primate case following a similar order. Finally, the last part of the results section will entail the results of a chirp-based method to reduce standing-wave formation in the human skull case.
The cross-species study, based on primate and human skulls described herein, is expected to shed light into how previous findings in mice translate to the human scale. The first step taken in that direction entails the understanding of the physics of transcranial ultrasound focalization in those species using practical and simple designs. The proposed designs and methods do not require electronic phase corrections and are thus low cost and simple to build. additionally, depending on the final robustness of the targeting system, real-time mrI monitoring might not be necessary during each application, leading to a decreased treatment time, complexity, and cost.
II. materials and methods
This study is based on both numerical simulations and in vitro calibration and comparison. Its goal is to investigate the feasibility of transcranial focusing using a single low-frequency transducer for the bbb opening in deepseated, sub-cortical structures such as the hippocampus or the basal ganglia (more precisely the putamen and the caudate nucleus) in non-human primates and humans. mice are currently the predominant model in neuroscience, because they are inexpensive and easy to handle and can serve as models for numerous diseases. our group and others have conducted several studies on the mechanism, safety, optimization, and delivery of pharmacologically relevant drugs in the mouse [41] [42] [43] [44] . However, the path to clinical applications is more complex and the need for studies on larger animals has not yet been as appropriately studied. non-human primates are widely used as animal models in neuroscience and can serve as models for several neurodegenerative diseases [45] [46] [47] [48] . Their similarity to humans in terms of the brain has rendered them a very important intermediate step toward human applications in terms of both safety and efficacy. They would also help identify how key parameters of the bbb-opening protocol found in mice could be scaled to large animals and humans. as such, a primate skull has been used in this study to investigate the possible use of a simple and convenient sonication scheme for future primate studies. Finally, as the ultimate and long-term goal of this research, the human skull was also included in the study.
A. CT Imaging
The primate skull used is from the Macaca mulatta species, also known as the rhesus monkey, one of the most common non-human primate species used for non-human primate research. The formalin-fixed skull is 145 mm long, 85 mm high, and 69 mm with a thickness of 2.6 ± 0.2 mm and a brain volume of 85 cm 3 . The foramen hole has a diameter of 15.2 ± 0.45 mm and was used for the in vitro pressure scans as well as the calibration of the acoustic parameters. The full 3-d cT scan of the skull was acquired on a GE lightspeed VcT 64 scanner (GE medical systems, milwaukee, WI) with a native 488-μm resolution and slice thickness of 625 μm.
The human skull was approximately 195 mm long, 145 mm high, and 148 mm wide with an average thickness of 5.75 ± 0.72 mm and a brain volume of 1500 cm 3 . The foramen hole had a diameter of approximately 21 ± 2.2 mm and was also used for the in vitro pressure scan and calibration. The same GE lightspeed VcT 64 scanner with the same parameters was used for the full 3-d cT scan leading to an average of 16 samples of the cT density function through the skull thickness. a higher resolution would permit depiction of finer heterogeneities of the skull but was not supported by the clinical systems available.
B. Numerical Simulation
1) Acoustic Propagation Software: numerical simulations are based on a linear full-wave 3-d finite-difference time-difference (FdTd) commercial package (Wave 3000, cyberlogic, new york, ny). The package solves the linear equation for the wave propagation [49] : . all aforementioned properties correspond to the medium (e.g., water, brain, or skull), in which the wave propagates.
The linearity of the model was chosen primarily to limit the overall computation time of each simulation. It is also believed that the non-linear contribution will be low at the pressure threshold of bbb opening as shown by our group (0.3 mPa at 1.5 mHz) [50] . If the hypothesis that the bbb opening threshold is linearly correlated with the mechanical index holds true [26] , the pressure required for bbb opening at lower frequencies will be even lower than those reported here.
In these simulations, viscoelasticity was not modeled because shear waves do not propagate in liquid media and the mode conversion from compressional to shear waves inside the skull is not significant at an incidence angle lower than 20° [50] .
Finally, the simulation was carried out on a 64-bit workstation with 4-dual core, 2.3 GHz Xeon processors and 32 Gb of ram (Precision Workstation 690, dell, austin, TX).
2) Acoustic Properties Deduced From CT Imaging: Previously reported simulation studies of transcranial ultrasound have used different strategies for the modeling of the skull, from a simple homogeneous layer model with thickness assessed by cT scans [28] , [51] to full 3-d heterogeneous maps of the skull based on the cT apparent density [29] , [30] , [52] .
In this study, the latter model was selected that takes into account the heterogeneities inside the skull, because it theoretically provides better accuracy. In this model, the acoustic density ρ and velocity c maps are assumed to be proportional to the apparent cT density maps [29] , [52] , [53] .
If ρ cT is the normalized apparent cT density (0 ≤ ρ cT ≤ 1), we have (inside the skull material only): note that in our case, the attenuation was assumed to be homogeneous inside the skull to simplify the model. most absorption models are complex and can be inconsistent [29] , [52] , [53] and additional uncertainties or instabilities in our model need to be avoided.
cT density maps of the human and primate skulls were respectively resampled to an isotropic 250-μm and 200-μm resolution using spline interpolation. This resolution provided the necessary stability for the FdTd algorithm but was not capable of modeling the finer heterogeneities. The time-step was automatically adapted by the software to satisfy the courant stability [54] criterion in the absorbing media. To simplify the simulations, the higher spatial resolution was always used for the model so that the grid size was kept constant for all wavelengths used. However, because the points per wavelength ratio can change, this may introduce some numerical dispersion which could be dependent on each simulation and could affect the quality of the simulations. The software was tested by simulating plane waves in different media (brain and skull at 500 kHz, Table I ) and was found to follow the correct attenuation values.
3) Acoustic Tissue Parameters: most tissue parameters used were adapted from the literature [55] , [56] and were assumed to be similar in the human and primate skulls. However, the attenuation and sound velocity were adjusted from the in vitro measurements described in the next section. Using a series of transient pulses, the time of flight and attenuation were measured and compared with simulations of the same transducer, positioning, and excitation pulse parameters. Values of skull attenuation α skull and maximum sound velocity c max were then modified in (3) and (4) from their initial values to provide the best match between simulations and experiments. an example of pulses in the case of the human skull, after adjustment of the acoustic parameters, is presented in Fig. 1 . The parameters used in the study are provided for both species in Table I . The use of the 550 and 800 kHz frequencies as references for the model and for the comparison was based on the expected tradeoff between standing waves and beam aberration, taking into account the thickness and brain volume difference between the primate and the human skulls. other frequencies will be investigated in the numerical results section.
sound velocity was assumed to be frequency-independent [57] and attenuation was assumed to follow a linear relationship with frequency in the frequency range used here, a slope of 350 np/m/mHz was assumed for both 2639 deffieux and konofagou: numerical study of a simple transcranial focused ultrasound system skulls based on connor and Hynynen's report on homogenized attenuation values [52] . simulations were performed at different frequencies to estimate the correlation lengths of both skulls (through the parietal bone). The results (Table II) show a drop of the correlation length with the frequency, indicating an increase in beam aberration. The correlation lengths in the primate skull are larger than in the human skull because the skull is thinner; however, this is through the parietal bone, i.e., without taking into account higher incidence angle and specific bone structures.
4) Acoustic Measurements:
In vitro measurements were conducted with a 0.2-mm needle hydrophone (Precision acoustics ltd., dorchester, dorset, UK) and acquired on a Pc workstation with an 80-mHz digital acquisition board (model 14200, Gage applied Technologies Inc., lachine, qc, canada). The hydrophone was suspended from a linear 3-d axis positioning system (Velmex Inc., bloomfield, ny) and used for raster scanning. Each skull was soaked in degassed water for several hours before all measurements. Two transducers were used. The first transducer (Imasonic, Tours, France) had a center frequency of 1.3 mHz (active diameter = 60 mm, inner hole diameter = 16.5 mm, focal distance = 60 mm, bandwidth at half-power = 43%) and was used for the monkey skull measurements and calibration using a frequency of 800 kHz. The second transducer (riverside Institute, new york, ny) had a lower center frequency of 550 kHz (active diameter = 80 mm, inner hole diameter = 24 mm, focal distance = 90 mm, bandwidth at half-power = 15%) and was used for the human skull measurements and calibration at lower frequencies. The selection of these frequencies were based on some initial simulations and including taking into account beam aberrations and standing waves effects depending on the skull size and thickness. additional frequencies (300 to 700 kHz and 600 to 1000 kHz for the human and monkey skull, respectively) were investigated numerically.
For all measurements, the highest pressure peak was first identified in water and a 3-d raster scan was successively performed. The skulls were then carefully positioned with the hydrophone kept centered inside the foramen magnum hole and the transducer facing the top of the skull at a controlled distance.
Pressure scans through the skull were acquired (30 × 10 × 10 mm at 550 kHz for the human skull, 15 × 6 × 6 mm at 800 KHz for the primate skull) and normalized by the peak pressure in water with all parameters kept identical. Pressure scans were deliberately centered below the focus point to avoid any possible contact between the hydrophone and the skull during scans. additionally, a series of 30 transient pulses (4 cycles) were averaged and recorded at the acoustic focus, first in water and then in the presence of a skull. They were used as described previously for the calibration of the sound velocity and attenuation. correlation lengths were estimated based on simulated data in the parietal bone. The correlation length decreases with frequency as the spatial variation of the skull thickness variation appears larger relatively to the wavelength; this is a sign of increased aberrations occurring with higher frequencies.
5) Comparison:
The peak pressure field was compared between the in vitro pressure scan and the simulated field for the primate and human skulls to estimate the simulation accuracy. as described previously, the transducer was positioned above the horizontally-oriented skull and the hydrophone was inserted through the foramen magnum hole. In experiments, the volume where the pressure field was acquired had to be limited, axially, to prevent any accidental contact between the hydrophone and the top of the skull (see the top of Figs. 2 and 3), and laterally, because of the limited size of the foramen magnum hole, which prevented the acquisition of the side lobes in vitro while preserving the entire structure of the skull, which was essential for accurately representing the in vivo transcranial case.
despite these slight differences between the experimental and simulation results, the model was deemed suitable for studying the main characteristics of the field for our application and relevant for the comparison between different designs and targeting strategies.
6) Targeted Brain Regions:
The study aims at investigating the use of single-element transducers for transcranial focusing in clinically relevant targets, especially those involved in alzheimer's and Parkinson's disease. The hippocampus, highlighted in red in Fig. 4 (references to color refer to the online version of this figure), was chosen for its predominant role in alzheimer's disease [40] . The striatum, the predominant structure of the basal ganglia, which encompass the putamen (blue in Fig. 4 ) and the caudate nucleus (yellow in Fig. 4 ), was chosen because of its role in the dopamine pathway, a pathway severely altered by Parkinson's disease [39] . The substantia nigra, a very small structure in the basal ganglia, is known to play an important role at the beginning of the dopamine pathway and could also be targeted depending on the drug used and the state of the disease.
Those structures were identified for all species using 3-d brain atlases. The rhesus monkey atlas was provided by the University of north carolina [58] . The human atlas used is the publicly available International consortium for brain mapping (Icbm) template from the laboratory of neuro Imaging [59] .
after segmentation of the intra skull volume based on the cT scans, the brain atlases were registered with respect to their respective skulls using affine transformation (translation, rotation, scaling, and shearing) in matlab (r2008b, The mathworks, Inc., natick, ma). after registration of the atlases, the center of mass and long axis of each targeted structure were extracted us-2641 deffieux and konofagou: numerical study of a simple transcranial focused ultrasound system ing principal component analysis (Pca). Those features were used for the positioning and orientation of the virtual transducers to obtain good overlap between the expected focal spots and the targeted structures. The rounded dimensions of the structures are summarized in Table III. The beam axes traverse the parietal bone, close to the lambdoid suture (Fig. 4) , in both the primate and human skulls cases for the hippocampus and the caudate targeting. The beam axes in the putamen targeting through the human skull will cross the occipital bone, below and next to the lambdoid suture. The rhesus monkey skull has a large occipital protuberance and brow ridge (Fig. 4) that cause high aberrations and attenuation on the ultrasound beam if found in its path, as shown later. The natural orientations of the putamen and the caudate in the primate skull render them difficult to target because their main axes, as found by the principal component analysis, would either directly pass through the occipital protuberance or yield a high incidence angle, potentially causing high aberration of the beam (see the dashed line in Fig.  4) . consequently, alternative orientations were also tested for those structures in the primate skull.
7) Transducer Design:
The properties of the transducers were selected to provide a focal spot tailored to the targeted structure dimensions and with a focal length long enough to accommodate the brain structure dimensions. The active diameters of the transducers were also adapted for each frequency to provide comparable focal spot dimensions between the different cases considered. Prior estimations of the focal dimensions in water for each transducer design were computed with the Field II simulation software [60] using the conventional −3-db definition.
For the simulated human study, a focal length of 140 mm was chosen to accommodate the depth of the targeted structures. For a 500 kHz center frequency, a focal/ diameter number of 1.4 (diameter of 100 mm) was used because it provided, in water, a focal spot size of 42 mm in length and 4.5 mm in width, comparable with the sizes of the targeted brain regions. Its width is only one-third of the average diameter of the structures but it is expected that diffusion of smaller compounds inside the extracellular, extra vascular space would, eventually, help to reach a larger fraction of the targeted structure. alternatively, for the delivery of larger compounds with a lower diffusion coefficient, it would still be possible to mechanically move the transducer and repeat the sonication, effectively covering the full targeted structure. at this frequency, the acoustic focus shift was estimated to be around 2 mm in water. a change in the frequency used required the use of a different diameter to maintain the same focal spot dimensions. consequently, a 42 mm diameter was used at the frequency of 700 kHz (focal spot dimensions: 40 × 3.4 mm) and a 128 mm diameter at the frequency of 300 kHz (focal spot dimensions: 40 × 5.2 mm).
In the primate study, a transducer with a focal length of 90 mm was simulated. an f-number of 1.25 (diameter of 72 mm) was chosen at 800 kHz, corresponding to a focal 2642 IEEE TransacTIons on UlTrasonIcs, FErroElEcTrIcs, and FrEqUEncy conTrol, vol. 57, no. 12, dEcEmbEr 2010 Fig. 4 . representations of the three targeted structures, the hippocampus (red) and the putamen (blue) and the caudate (yellow), both parts of the basal ganglia. The axes chosen for the orientation of the transducer in the simulation are also represented. The mouse skull is also represented and skulls are to scale. Fm denotes the foramen magnum hole, ls the lambdoid suture, oP the occipital protuberance, and br the brow ridge. The dashed lines (for the primate skull only) represent the main axes of the putamen (blue) and the caudate (yellow) that were not used because they pass through the occipital protuberance. references to color refer to the online version of this figure. The average dimensions of the regions are later used to adapt the transducer design for each species. The mouse dimensions are provided here as a reference.
size of 2.4 × 22.2 mm in water. as in the human study, we expect diffusion effects to expand the effective drug delivery region within the targeted structure. Frequencies of 600 kHz and 1 mHz correspond to a transducer diameter of 64 mm at 1 mHz (focal spot dimensions: 19.5 × 2 mm) and a diameter of 80 mm at 600 kHz (20.4 × 2.6 mm). These values are summarized in Table IV . because of the modification of the active transducer diameter, a separate simulation was performed at each frequency. The frequency study was thus performed only in the hippocampus for each skull case and was assumed to yield similar behavior in other regions.
C. Maximum Pressure Field Simulation and Analysis
The maximum pressure field was computed using 20 samples over a single period in the assumed stationary state. The simulation durations were set to 200 μs for the human skull and 150 μs for the monkey skull corresponding to a propagation distance of 30 cm and 24 cm, respectively, i.e., at least twice the brain dimension in the beam direction. For the 300 kHz frequency in the human case, a longer time of propagation, 300 μs, was simulated to compensate for the lower attenuation. longer durations did not yield significant changes in the pressure field but required lengthy computations. The combination of successive reflections (reflection coefficient on the brain/skull interface estimated to be 0.7), attenuation in the brain (10 np/m/mHz) and the diffraction of the reflected wave on the non-planar skull interface significantly reduces the contribution of the wave after the simulation time. as shown in Fig. 7(b) , the standing waves, related to the incident and reflected waves amplitudes, decrease rapidly upon a first reflection at the brain-skull interface.
standing waves were estimated using a filter designed to quantify a characteristic pattern: the spatial modulation of the pressure field caused by constant constructive and destructive interferences [36] , [37] . The filter consists of three parts: first, the fast oscillations of the field are extracted along each dimension by a high-pass spatial filter (11th-order butterworth filter) with a cut-off frequency of 2/λ. a Hilbert transform is then applied to obtain the envelope of these high frequency modulations, the results is a low-frequency field whose amplitude is equal to the amplitude of the high frequency component of the peak pressure field along one dimension. Finally, the maximum of the three components x, y, and z is taken to provide a single map. The resulting field estimates the maximum of the spatial modulation pattern which is, in most cases, associated with the presence of a standing wave. an example of the filter on simulated data is given in Fig. 5(a) , a plane wave reflected on a 45° interface (with the same impedance as the skull) will yield a stationary wave caused by the interferences between the incident and reflected fields with constant phase difference. a focused wave can generate some slight artifacts caused by high spatial frequencies of the focal spot in the transverse direction [see Fig. 5(b) ].
For every case, peak attenuation and peak displacements compared with water are provided. a rough quantification of the targeting properties is performed. The percent-of-target-overlapped parameter estimates the percent volume of the target above the half-pressure threshold, i.e., a 100% value indicates the best case, in which the beam encompasses the entire volume of the targeted structure with a pressure higher than half of the peak pressure. note again that the diffusion effect will allow delivered drugs to cover a larger volume ratio than the beam itself. The percent-of-beam-overlapping-target parameter estimates the volume fraction of the beam above half of the peak pressure that falls inside the targeted region. a 2643 deffieux and konofagou: numerical study of a simple transcranial focused ultrasound system The focal size is kept constant at all frequencies by adjusting the diameter of the transducer. 100% value thus indicates the best case, where the beam does not overlap with any collateral structure. Values for targeting in water (i.e., without the skull in place) are also provided to better assess the skull effects. standing wave effects are estimated by calculating the ratio of their maximum amplitude to the peak pressure with skull (standing-wave-maximum-amplitude-to-peak ratio) as well as the percent volume of the brain where the standing wave amplitude is higher than 5% of the peak pressure through the skull (percent of standing wave volume in brain). This arbitrary threshold was chosen to be high enough so as to yield nonzero values and low enough so as to ensure that most regions where standing wave formation could occur were taken into account; the threshold is fixed for all simulations to facilitate comparison.
D. Standing Wave Reduction
avoidance of standing wave full formation could be necessary to limit the probability of enhanced cavitation effects caused by microbubbles trapped in antinodes [38] , [60] . additionally, standing waves between the transducer and the skull can lead to inconsistently transmitted pressures, depending on whether constructive or destructive interferences occur.
In one simulation case, we investigated the use of fast periodic linear chirp waveforms to limit the standing wave effects. The use of chirps is a common technique to reduce the standing wave pattern [61] , [62] : by varying the frequency of the signal in time, a time-dependent phase difference between the incident and reflected waves appears. another technique proposes the use of random frequency modulation [60] but is more difficult to test in simulations. It is important to note that the amplitude of the reflected wave is not modified, however, the constructive and destructive interferences of the waves change position over time. a standing wave interference pattern may always be present but would change localiztion between time steps. considering a longer time scale, the effects of constructive and destructive interference will even out and the summation of both waves will appear to be incoherent.
In this simulation, a fast linear chirp was selected with a period of 23 μs between 450 and 550 kHz. a periodic chirp has the drawback of leading to periodical standing wave fronts when the travel time difference between the incident and reflected waves is equal to a multiple of the period of the chirp because the wave's frequencies will be identical (every 38.5 mm as seen in Fig. 15 ). However, this effect is limited because of the attenuation of the reflected wave after such a propagation distance. moreover, a short period has the advantage of requiring only a short averaging time to suppress the standing wave. In practice, all biological or physical effects with a timescale larger than 23 μs would be insensitive to standing waves.
III. results

A. Human Skull 1) Targeting of the Hippocampus at 500 kHz Through the Human Skull:
The peak pressure attenuation through the skull was found to be approximately 76% (−12 db) compared with that in water; the peak position was displaced by approximately 13 mm (13 mm along the beam axis and 1.1 mm in the transverse plane). The percent-of-targetoverlapped parameter is estimated to be around 11% (14% without the skull) and the percent-of-beam-overlappingtarget parameter is around 69% (76% without the skull). These values appear to be low, although expected by the focal spot dimensions obtained in water, but diffusion of the compounds will help to reach a larger volume of the targeted structure and additional sonications can be used to increase the bbb-opened region. overall, the targeting properties are very similar whether in the absence of in the presence of the skull (except for the attenuation of the beam) and prototyping of the focal spot dimensions in water can thus be reasonable while allowing future research to concentrate on homogenizing the pressure field within the target volume. some typical standing wave interference patterns are visible (Fig. 6) , both between the skull and the transducer, but also inside the brain close to the skull interface, which is visible in Fig. 7 .
standing waves are concentrated close to the skull interface (Fig. 6) , where both incident and reflected waves have high amplitudes, and slowly decrease away from this region. The peak amplitude of standing waves was found to be 19% of the peak pressure in the presence of the skull. only 0.87% of the brain volume was found to have a significant standing wave effects, higher than 5% of the maximum peak pressure through the skull. 
2) Targeting of the Hippocampus at 300, 500, and 700 kHz Through the Human Skull:
The 300 and 700 kHz frequencies were investigated using the parameters shown in Table IV . The results of the simulations are summarized in Table V. at 700 kHz, the secondary peak, already visible at 500 kHz (Fig. 6) , had higher amplitude than the main lobe, leading to very large peak displacement (28 mm axially). The volume of standing waves (where the spatial modulation amplitude is higher than 5% of the peak pressure through the skull at the same frequency) is further reduced with frequency. because of the very low attenuation in the 300 kHz case, the steady state was assumed to be at 300 μs instead of 200 μs. by taking into account the tradeoff between beam attenuation, aberration, and standing waves, the 500 kHz frequency was used for the other targeted structures through the human skull for the remaining of this study.
3) Targeting of the Putamen at 500 kHz Through the Human Skull:
When targeting the putamen at 500 kHz, the peak pressure was attenuated by approximately 85% (−16 db) compared with that in water, the peak position was displaced by approximately 3.9 mm (3.5 mm along the beam axis and 1.8 mm in the transverse plane). The percent-of-target-overlapped parameter was estimated to be around 22% (19% without the skull) and the percentof-beam-overlapping-target parameter around 28% (69% without the skull). The maximum pressure field can be seen in Fig. 8 . The higher attenuation (76% for the hippocampus targeting to 85% for the putamen targeting), and the larger decrease of the percent-of-beam-overlapping-target param-2645 deffieux and konofagou: numerical study of a simple transcranial focused ultrasound system Fig. 7 . (a) Pressure fields at 300, 500, and 700 kHz (in percent of the peak pressure in water for the same frequency). The dashed line denotes the contour of the hippocampus. The white arrow indicates the secondary peak at the 700 kHz frequency. (b) standing wave amplitude (in percent of the peak pressure through the skull at a given frequency). The white contour denotes the volume where the modulation amplitude is higher than 5% of the peak pressure through the skull. This volume decreases with the frequency from 3.7% (at 300 kHz) to 0.23% (at 700 kHz) of the brain volume. The white asterisk indicates the primary brain-skull interface where most of the standing wave effects are concentrated. eter compared with water (69% in water compared with 28% through the skull) exhibit a stronger defocusing skull effect than in the targeting of the hippocampus. The peak amplitude of standing waves was found to be 17% of the peak pressure through the skull. 1.5% of the brain was found to have a standing-wave component higher than 5% of the maximum peak pressure with the skull; this volume was also concentrated around the beamskull interface as seen in Fig. 8 .
4) Targeting of the Caudate at 500 kHz Through the Human Skull:
When targeting the caudate (see Fig. 9 ), the peak pressure was attenuated by approximately 84% (−16 db) compared with that in water, the peak position was displaced by approximately 8.8 mm (8.8 mm along the beam axis and 0.8 mm in the transverse plane). The percent-of-target-overlapped parameter was estimated to be around 24% (17% without the skull) and the percent-of-beam-overlapping-target parameter around 36% (68% without the skull). The targeting of the caudate is thus very similar to the targeting of the putamen, with a defocusing effect a bit stronger than for the targeting of the hippocampus.
The peak amplitude of standing waves was found to be 20% of the peak pressure through the skull. 1.1% of the brain was found to have a standing wave component higher than 5% of the maximum peak pressure with the skull. Those values are comparable to the standing wave effects estimated in the case of the putamen and hippocampus targeting at the same frequency.
B. Primate Skull 1) Targeting of the Hippocampus at 800 kHz Through the Primate Skull:
This section shows the results obtained with targeting of the hippocampus through the primate skull at 800 kHz. attenuation through the primate skull was approximately 80% (−14 db) compared with water, the peak position was displaced by approximately 6.4 mm (6.2 mm along the beam axis and 1.6 mm in the transverse plane). The percent-of-target-overlapped parameter was estimated to be around 18% (17% without the skull) and the percent-of-beam-overlapping-target parameter (target volume with pressures above 50% of the peak) was around 31% (72% without the skull). In that case, the percent-ofbeam-overlapping-target parameter, through the primate skull, was halved. Here, most of the bbb-opened volume would be in the collateral structure surrounding the hippocampus. This is probably due to the aberrations and attenuation caused by the occipital protuberance (Fig. 4) and illustrates some of the challenges specific to the primate skull and not present in the human skull. similar to the human skull case, standing waves are concentrated close to the skull interface (Figs. 10 and 11) . The maximum amplitude of the standing waves was found to be 13% of the peak pressure through the skull. a volume of 1.4% of the brain was found to have a standing wave component higher than 5% of the maximum peak pressure within the skull.
2) Targeting of the Hippocampus at 600 kHz, 800 kHz, and 1 MHz Through the Primate Skull:
The 600-kHz and 1-mHz frequencies were investigated using the parameters shown in Table IV . The results of the simulations are summarized in Table VI . When increasing the frequency from 600 kHz to 1 mHz, the attenuation increased from 68 to 87%, whereas the peak displacement remained constant (around 5 mm). The standing wave volume decreased from 3 to 0.64% of the brain volume, the interference patterns 2646 IEEE TransacTIons on UlTrasonIcs, FErroElEcTrIcs, and FrEqUEncy conTrol, vol. 57, no. 12, dEcEmbEr 2010 Fig. 8 . maximum pressure field at 500 kHz while targeting the putamen through the human skull. dashed white line denotes the contour of the putamen. Fig. 9 . maximum pressure field at 500 kHz while targeting the caudate through the human skull. dashed white line denotes the contour of the caudate.
can be seen in Fig. 11 to disappear progressively with the frequency. Throughout the rest of this study, 800 kHz was used because it provided lower standing waves than the 600 kHz frequency. The 1-mHz frequency was not used, in an attempt to avoid larger aberrations for the targeting of the putamen and the caudate through the primate skull.
3) Targeting of the Putamen at 800 kHz Through the Primate Skull:
When targeting the putamen at 800 kHz, the peak pressure was attenuated by 93% (−23 db) compared with that in water, the peak position was displaced by approximately 9.5 mm (9 mm along the beam axis and 3.1 mm in the transverse plane). The percent-of-target-overlapped parameter was estimated to be around 12% (10% without the skull) and the percent-of-beam-overlapping-target parameter around 22% (74% without the skull). The maximum pressure field can be seen in Fig. 12 .
The peak amplitude of the standing waves was found to be 24% of the peak pressure through the skull. 1.9% of the brain was found to have a standing wave component higher than 5% of the maximum peak pressure with the skull. The overall poor results of the targeting of the putamen compared with the hippocampus are thought to be due to the geometry of the primate skull and the higher incident angle of the beam in that case (Fig. 12) .
4) Targeting of the Caudate at 800 kHz Through the Primate Skull:
When targeting the caudate (see Fig. 13 ), the peak pressure was attenuated by approximately 97% (−30 db) compared with that in water, the peak position was displaced by approximately 0.69 mm (0.4 mm along the beam axis and 0.57 mm in the transverse plane). The percent-of-target-overlapped parameter was estimated to be around 14% (10% without the skull) and the percentof-beam-overlapping-target parameter around 36% (70% without the skull). The peak amplitude of standing waves was found to be 19% of the peak pressure through the skull. 2.2% of the brain was found to have a standing wave component higher than 5% of the maximum peak pressure obtained with the skull in place. Those results are comparable to those obtained in the case of the putamen targeting with a very high attenuation due to the high incident angle and large reflected components (Fig. 13) . In those cases, alternative beam paths need to be identified.
C. Standing Wave Reduction
This section shows the results of the targeting of the hippocampus through the human skull using a linear chirp to reduce the standing wave effects.
In Fig. 14 , standing wave interference patterns were nearly entirely eliminated from the maximum pressure field compared with Fig. 6 . Their maximum amplitude was found to be 12% of the peak pressure through the skull. only 0.17% of the brain volume was found to have a significant standing wave component (higher than 5% of the maximum peak pressure through the skull). The reduction is thus significantly reduced by a factor of five compared with the monochromatic case, where this volume was estimated around 0.87%. However, regarding the standing wave amplitude (see Fig. 15 ), the reduction is not as significant (1.5 times reduction). This is probably because, close to the skull interface, the time delay between the incident and reflected waves is so small that the frequency shift is not as significant. The overall feasibility and physiological relevance of the chirp method is discussed in the next section.
IV. discussion
The study presented in this paper showed that focusing through the skull with a single spherical transducer 2647 deffieux and konofagou: numerical study of a simple transcranial focused ultrasound system at relatively low frequencies (500 to 800 kHz) is suitable for bbb opening because a well-formed focal spot can be obtained in all regions targeted. as expected, aberrations by the skull generate a displacement of the pressure peak, estimated here to be less than 2 mm laterally and around 1 cm in the axial direction. The displacement increases with frequency, as aberrations effects increase because the spatial variation of the skull thickness appears to be greater relative to the wavelength. This is consistent with the estimation of the correlation lengths, presented in Table  II , which decrease with frequency. The correlation length is computed by estimating the average distance L between two points of the skull, so that the correlation value of the Fig. 12 . maximum pressure field at 800 kHz obtained when targeting the putamen through the primate skull. White dashed line denotes the putamen contour. compared with the more favorable targeting of the hippocampus, the attenuation increases from 80% to 93% with strong secondary peaks. Fig. 13 . maximum pressure field at 800 kHz obtained when targeting the caudate through the primate skull. White dashed line denotes the caudate contour. The large incidence angle caused by the primate skull curvature leads to a strong reflected wave and an extremely high attenuation (97%). Fig. 11 . standing wave amplitude at 600, 800, and 1000 kHz (in percent of the peak pressure through the skull at a given frequency). The white contour denotes the volume where the modulation amplitude is higher than 5% of the peak pressure through the skull. This volume decreases with the frequency from 3 to 0.64% of the brain volume.
two signals passing through those points decreases to 0.5, the smaller it is and the more aberrating the medium is. although the correlation lengths were found to be larger in the case of the primate skull than in the human skull at the same frequency, the overall aberrations are nonetheless higher in the case of the primate skull. This is due to the higher incidence angle and the beam passing close to the highly aberrating structures such as the occipital protuberance, which was not the case through the parietal bone. Using a threshold for the half-pressure, it was possible to estimate the targeting efficiency using the percent-oftarget-overlapped parameter, which indicates the percent volume of the targeted structure reached by the beam. The percent-of-target-overlapped parameter was found, in most of the cases, to be comparable to what it would be without the skull, which shows that the targeting is barely affected by the presence of the skull at these frequencies. However, with the transducer design tested, a single sonication location could cover only between 11% and 30% of the targeted volume, thus requiring mechanical movement of the transducer to cover a larger proportion of the target in the case where the diffusion would be insufficient or in the case where the entire structure would have to undergo bbb opening, depending on the treatment used.
The percent-of-beam-overlapping-target parameter indicated the proportion of the field above the half-pressure threshold that is in the targeted structure. In the human case, it was around 75%, thus comparable to the case without the skull, indicating that most of the blood-brainbarrier opening would occur within the targeted structure. However, in the case of the primate skull, where the skull geometry is more complex, the percent-of-beam-overlapping-target parameter decreased significantly. This indicates that a larger blood-brain-barrier opened region may occur in a proximal region rather than inside the intended target. The beam path should avoid thick bone structures (occipital protuberance and brow ridge) as well as high incident angles, which was not satisfied in the case of targeting of the putamen and the caudate nucleus through the primate skull (see Fig. 4 ). also, albeit counter-intuitively, the primate skull appears to be more challenging than the human skull for the targeting of the putamen and the caudate nucleus because of its complex geometry and a less favorable natural orientation of the basal ganglia.
attenuation has been found to vary between 65% and 97% (−10 and −30 db) compared with water depending on the geometry and frequency. For the same skull and frequency, the attenuation can vary greatly (76% to 85% (−12 to −16 db) in the human skull and 80% to 97% (−14 to −30 db) in the primate skull) with the region targeted depending on the geometry of the skull that lies in the beam path, affecting thus the blood-brain-barrier opening consistency. The heat deposition associated with those high attenuation values will be concentrated in the skull, where both absorption and pressure amplitude are high. our hope is that, despite the low efficiency of the method compared with aberration-corrected HIFU devices, the need for lower pressure at the focus and shorter duration to induce bbb opening, will lead to similar or 2649 deffieux and konofagou: numerical study of a simple transcranial focused ultrasound system The white arrow indicates the constructive interferences every 38.5 mm caused by the duration of the chirp used. (b) standing wave amplitude with a 500 kHz monochromatic beam and with a 450 to 550 kHz linear chirp (in percent of the peak pressure through the skull at a given frequency). The maximum is found over the entire duration of the chirp, i.e., 23 μs. The white contour denotes the volume where the modulation amplitude is higher than 5% of the peak pressure through the skull. This volume decreases from 0.87% to 0.17% of the brain volume when using a chirp.
lower temperature elevation. The accuracy of this hypothesis will need to be investigated in future work with a non-linear propagation code that will take into account thermal diffusion and validated with experiments.
based on the results obtained, several design improvements are identified. First, more suitable beam orientations can be implemented to avoid both higher incident angles and specific bone structures known to cause higher aberration such as the occipital protuberance in the primate (see Fig. 4 ). This selection might not be trivial, because the beam axis will still need to take into account the orientations and shapes of the targeted regions. limiting those geometrical effects will help to reduce the attenuation effect and its variation. second, the beam dimensions can be adjusted to overlap with those of the targeted structures, especially laterally. as proposed in this study, it is still possible to use two or three successive sonications to cover the targeted volume by mechanically moving the transducer. additionally, defocusing approaches, such as the off-axis rotation of the transducer or the use of a toroid-shaped transducer [63] , could be used to widen the focal region. Unlike transcranial HIFU, the formation of a wide focal region with low but uniform and consistent pressure will be ideally suited to the blood-brain-barrier opening method. a method to estimate the standing wave effect based on the analysis of the interference pattern of the pressure field was implemented and illustrated on simple test simulations. In all cases, the maximum amplitude of the standing waves was under 20% of the peak pressure through the skull. Using a relatively low threshold of 5% of the maximum peak pressure through the skull, it is possible to assess the extent of the standing waves. This region, where the standing wave effect may be significant, was small in all skull and orientation cases, i.e., less than 2% of the brain volume and decreasing with frequency, as the tissue absorption increased. However, the implication of these values is difficult to interpret, as there is currently no way to relate them quantitatively to physiological effects and safety. large standing-wave amplitudes during long application times are believed to increase the risk of hemorrhage as illustrated by the TrUmbI sonothrombolysis study with a total cumulative active sonication duration longer than 4 min at 300 kHz [34] , [36] . It is not known, however, if any effects occur at the shorter sonication durations used in bbb-opening studies (12 s of cumulated active sonication duration in our case [10] ). moreover, in bbb-opening studies, injected microbubbles lower the pressure cavitation threshold [1] , [64] inside the brain capillary network, whereas the brain parenchyma, because of its lack of microbubbles, should remain relatively more resistant to mechanical effects and their possible damage. Ultimately, in vivo physiological effects of standing waves with short sonication times and microbubbles will need to be assessed and quantified to answer this question.
acknowledging the uncertainties surrounding in vivo standing wave effects, we tried to further reduce their formation using fast linear chirps. Interferences appear to be no longer stationary and the brain volume with significant standing wave amplitude, i.e., greater than 5% of the peak pressure through the skull, is reduced by a factor of five. The standing wave maximum amplitude only decreased from 19% to 12% because of the localization of the maximum close to the skull interface where the chirp method is less efficient because the frequency shift between the reflected and incident waves is not significant. Generally, the technique will smooth out the nodes and antinodes for all physical or physiological effects slower than 20 μs. However, whether all mechanical effects such as inertial cavitation or trapping of microbubbles at the antinodes are slow enough for the technique to be effective remains to be investigated. This interaction can be very complex because microbubbles, confined in the brain capillary network, may not be free to follow the antinode locations.
Finally, following this preliminary feasibility study, a preliminary protocol for bbb opening with a single-element transducer can now be proposed. several strategies might be used for the localization of the targeted structures. Tabulated values for the coordinates and orientation of the structures based on the average over a population could be used. If necessary, some a priori mechanically based corrections could also be applied based on the head size to improve accuracy. Finally, for best accuracy, true automatic segmentation of the targeted structures using prior mrI data of each subject could be used to find the structures and determine the best sonication path for each case. because mrI is typically performed in the case of alzheimer's and Parkinson's diagnosis and monitoring, such data will be readily available. rough mechanical compensations for the focus displacement, such as the skull lens effect, could thus also be implemented with mrI guidance. Using a stereotactic frame, the transducer would then be positioned and aligned with the structure's main axis; such a mechanical device could be very similar to that used for the positioning and guidance of direct injection needle in deep-seated structures [65] . additionally, if the internal pressure cannot be accurately predicted, a progressive increase of the pressure could be used together with a monitoring technique such as passive cavitation detection [42] , [66] or gadolinium imaging by mrI [43] . Finally, as suggested previously, the transducer could be moved laterally to increase the targeted volume and cover the entire region that needs to be treated, depending on the extent of the disease. This system can thus remain low cost and simple to implement and applied in the clinic where repeated applications in conjunction with systemic drug delivery are needed.
V. conclusion
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